Abstract. Alzheimer's disease (AD) affects approximately 4.5 million people in the U.S. and this number will increase as the population ages and the life-span increases. Therefore, of paramount importance is identifying mechanisms and factors that affect the risk of developing AD. The etiology and pathogenic mechanisms for AD have not been defined, although inflammation within the brain is thought to play a role. Consistent with this hypothesis, studies suggest that peripheral infections contribute to the inflammatory state of the central nervous system. Periodontitis is a prevalent, persistent peripheral infection associated with gram negative, anaerobic bacteria that are capable of exhibiting localized and systemic infections in the host. This review offers a hypothetical link between periodontitis and AD and will present possible mechanistic links between periodontitis related inflammation and AD. It will review the pathogenesis of periodontitis and the mechanisms by which periodontal infections may affect the onset and progression of AD. Since periodontitis is a treatable condition, it may be a readily modifiable risk factor for AD.
INTRODUCTION
Alzheimer's disease (AD) is one of the most common causes of dementia in elderly populations [12] , afflicting approximately 4.5 million people in the United States. Although the prevalence and incidence vary among study populations, these rates increase signif-icantly with age [28] . It is projected in 50 years, as the population ages and the life-span increases, AD will afflict approximately 14 million people [94] . It is therefore clear that AD constitutes an increasing public health concern. However, the prevalence of AD will not change significantly unless new treatments emerge that can prevent, reverse, delay the onset or slow the progression of the disease. It is estimated that delaying the onset of AD by 5 years could result in 50% decrease in its prevalence in 50 years. Susceptibility to develop AD is dependent upon genetic and environmental factors [32] . While some AD risk factors are immutable others may be modifiable and therefore may constitute a means to significantly limit the prevalence of this disease in the future.
While the specific factors involved in the etiology and pathogenesis of AD are not well characterized, inflammation is thought to play a significant role. A central tenet of the inflammatory hypothesis is that peripheral processes alter brain inflammation. Studies have shown that peripheral infections can hasten the onset and progression of AD although the mechanisms are not well understood [41, 83] . Periodontal disease (PD) is a common, chronic, peripheral infectious disease that has been linked to other systemic inflammatory conditions. The objective of this review is to present possible mechanistic links between PD and AD. It will offer evidence in support of a model explaining the initiation and maintenance of inflammation in AD and associated progressive AD related pathology. According to our model, periodontal bacteria induce pro-inflammatory cytokines and C-reactive protein (CRP) which stimulate glial cells to produce amyloid-β 1-42 peptide (Aβ42) and hyperphosphorylated tau protein (P-Tau) which consequently induces production of more inflammatory molecules. Thus a vicious circle is established in which the inflammatory mediators play a double role by: a) activating pathways leading to neurodegeneration; and b) perpetuating a cascade of neuropathology. While there is evidence to support the elements of the proposed hypothetical model, to date there is no direct evidence implicating PD in pathogenesis of AD.
In addition, the unique features of PDs including chronicity, prevalence, association with Gram negative bacteria and their products such as LPS, induction of pro-inflammatory cytokines, and clinical ease of access, may provide a human model to investigate the role and the mechanisms through which peripheral infections contribute to the pathogenesis of AD.
PATHOGENESIS OF ALZHEIMER'S DISEASE

Inflammation and pro-inflammatory cytokines
The central tenet of the inflammatory hypothesis is the presence inflammation in the brain that becomes self perpetuating and induces neurodegeneration [40, 71, 72] . Factors that initiate and maintain inflammation in AD are unknown but potential factors include Aβ42 found in senile plaques, P-Tau found in neurofibrillary tangles, or components of the degenerated neurons themselves [2, 75, 76] . These factors are able to stimulate glial cells to produce pro-inflammatory cytokines such as tumor necrosis factor-α (TNF-α), interleukin-1β (IL-1β), interleukin-6 (IL-6) and inflammation associated factors such as CRP [52, 67, 134] that not only perpetuate the inflammatory cycle but also are effectors in the pathway of neurodegeneration.
Evidence for a role of pro-inflammatory cytokines in AD comes from studies of clinical specimens and mechanistic-based in vitro studies. Imunocytochemistry data has shown that senile plaques immunoreact with antibodies against TNF-α, IL-1β, IL-6, CRP and complement proteins [74, 136] and that these plaques are associated with reactive astrocytes and activated microglial cells [2] . In vitro studies have shown that TNF-α, IL-1β, IL-6 can stimulate the synthesis of Aβ42 and phosphorylation of tau protein [37, 75, 76] . In addition, Aβ42 and P-Tau are capable of stimulating the production of TNF-α, IL-1β, IL-6 by glial cells and Aβ42 can activate the complement cascade that can activate and amplify pathways leading to neurodegeneration [37, 69] .
In clinical studies, elevation of CRP (an acute phase protein synthesized mainly by the liver during systemic inflammation) and other pro-inflammatory markers were found to be predictive of AD. High levels of CRP were found to increase the risk of AD up to 3 fold [27] and cognitive decline in various populations [58, 124, 125, 133] . A nested case-control study of 1,050 subjects derived from the Honolulu-Asia Aging Study showed that higher levels of CRP increased the risk of developing AD in the following 25 years [107] .
The literature investigating a limited number of proinflammatory cytokines as predictors of AD is not as clear. Elevated IL-6 moderately increased the risk of AD even after adjusting for age, gender, smoking, body mass index, medications and diabetes and correlated with disease severity [48] . Elevated IL-1β and TNF-α increased the risk of cognitive decline in AD and elderly subjects [41] while subjects with increased production of IL-1β and TNF-α by peripheral blood mononuclear cells were at increased risk of developing AD [123] . Children with Down syndrome have been reported to have a higher risk of developing AD and have higher plasma levels of IL-6, CRP and cell adhesion molecules compared to control children [62] suggesting a role of pro-inflammatory molecules in the development of AD. However, other studies, such as the Longitudinal Aging Study Amsterdam, did not find an association between serum IL-6, CRP and cognitive decline but did find an association with α(1)-antichymotrypsin (ACT), an acute-phase protein [23] . The discrepancy in findings is not surprising. In general, the measurement of proinflammatory cytokines at a single time point may not be reflective of levels over time or may not reflect levels when challenged by infection. Often IL-6, IL-1β and TNF-α are operative in several effector pathways and their affect may be due to additive/synergistic roles or by contribution from other factors. In addition, most of the cited studies investigated only selected cytokines, therefore reflecting a limited aspect of inflammation. Support for this later hypothesis comes from a recently published study in Nature that showed that a group of 18 molecules including several inflammatory molecules found in plasma could be used to predict the progression of mild cognitive impairment to AD [99] .
Additional support for the "inflammatory hypothesis" comes from studies that suggest that antiinflammatory drugs may slow the onset of AD. The Baltimore and Rotterdam studies showed that a history of anti-inflammatory drug use of at least 2 years duration reduced the risk of AD, suggesting that a reduction in inflammation protects against the onset of dementia [44, 120] . In addition, a meta-analysis supported the beneficial effect of anti-inflammatory drugs in decreasing the risk of AD [70] . These studies taken together suggest that peripheral inflammation may play a significant role in the pathogenesis of AD. However, some studies have not found anti-inflammatory drugs to decrease risk for AD and have offered alternate explanations and they included dosage and type of the drug, APOE status [121, 122] and biological effect. For example, ibuprofen and indomethacin has been reported to lower the Aβ42 (important role in the formation of amyloid plaques) [131] while celecoxib increased its production [128] . These studies do not refute the "inflammatory hypothesis" but suggest that more studies on the role and mechanisms of inflammation and anti-inflammatory drugs in the pathogenesis of AD are needed.
Cytokine gene polymorphisms and their association with AD have been studied. In particular, the presence of a composite genotype characterized by IL-1α-889 and IL-1β+3953 polymorphisms conferred an almost 11-fold increased risk of developing AD [85] , presumably due to increased IL-1 levels. It should be noted that the presence of IL-1α-889 and IL-1β+3953 polymorphisms has also been associated with a 7-fold increased risk of PD in non-smokers [55] . These studies suggest that, although AD and PD are separate diseases with unique pathogenic bases, their onset, severity and progression may be influenced by common risk factors. Offenbacher [87] in the dental literature and McGeer in the neurological literature [73] suggest that an inflammatory trait may exist which is characterized by an amplified response to an injurious stimulus [87] . This inflammatory trait may increase susceptibility and modify the expression of a disease with an inflammatory etiology.
Relatively large pro-inflammatory molecules such as TNF-α, IL-1β and IL-6 have limited access to the brain. Nonetheless, evidence exists that these molecules reach the brain by at least two mechanisms: a) systemic circulation and b) neural pathways (reviewed by Banks and Quan and Banks) [5, 97] . Cytokines within systemic circulation may affect blood-brain barrier (BBB) permeability, may bind to areas of the brain that lack a BBB such as circumventricular organs [10] , may cross through fenestrated capillaries of the BBB or may use cytokine-specific transporters [11] . Cytokines may also activate brain endothelial and perivascular cells [106] to induce production of other signaling molecules such as nitric oxide (NO), prostanoids or other cytokines that in turn stimulate glial cells [54, 63, 97] . Thus, peripheral molecules may increase the existing brain cytokine pool concentration by addition or by glial stimulation. If the glial cells are already primed (activated), as is likely to occur with increasing age or display an hyper-inflammatory phenotype, stimulation will result in amplified responses with considerable inflammatory molecule production [18, 36, 93] . Peripheral cytokines may also impact the brain pro-inflammatory cytokine pool through neuronal pathways [21] . This mechanism implies that peripheral cytokines stimulate afferent fibers of peripheral nerves leading to increased brain cytokines. The significance of this mechanism is that signaling cytokines may be only needed to be elevated locally and not systemically [82] . Although, this mechanism has been mostly described for the vagus nerve [130] , nerves enervating the oral cavity such as the glossopharyngeal and trigeminal nerves have also been proposed [103] .
Bacterial products may also increase brain cytokine levels. Lipopolysaccharide (LPS), a component of Gram negative cell walls and a potent pathogen-associated molecular pattern for the innate immune response, is capable of increasing peripheral cytokine concentrations and up-regulating CD14 receptors throughout the brain [100] . There, CD14 can be activated by existing Aβ protein or LPS derived from invasive bacteria increasing further the brain cytokines. Consistent with this mechanism, peripheral administration of LPS into APPswe transgenic mice increased the accumulation of amyloid-β protein precursor (AβPP) and Aβ [111] . Another possibility is that peripheral LPS may increase the permeability of the BBB [14] allowing the passage of at least some molecules, cells and possible bacteria into the brain.
Peripheral infection and Alzheimer's disease
Linked with the inflammatory hypothesis is the pathogen hypothesis that suggests some pathogens act as triggers or co-factors in the etiology and pathogenesis of AD [45] . This hypothesis is supported by several preliminary clinical studies. A prospective study showed impaired cognitive function in AD patients for at least two months after the resolution of a systemic infection [41] . In addition, peripheral infections were reported to increase the risk of delirium in patients with AD [60] and in a twin study, a history of past severe peripheral infections accelerated the onset of AD [83] .
Several bacterial species have been implicated in the pathogenesis of AD including Chlamydia pneumoniae, Helicobacter pylori and spirochetes, although conflicting evidence exists for some bacteria. One postmortem study reported C. pneumoniae present in 17 of 19 samples from individuals with AD, but only present in 1 of 18 samples from non-AD, age matched controls [4] . However, another study did not replicate this finding [35] . Higher serum IgG antibody against H. pylori has been reported in AD subjects compared to controls [56] . Spirochetes, identified by dark field microscopy, were reported present in blood, CSF and brain samples from 14 AD cases but were absent in 13 controls lacking symptoms of AD [78, 79] . Although not all species of spirochetes were characterized, at least some of the spirochetes were Borrelia burgdorferi [80] . These finding were consistent with MacDonald's findings that cultivated B. burgdorferi from brain samples from AD patients [68] . In addition, B. burgdorferi specific antigens were co-localized with Aβ deposits and glial and neuronal cells exposed to B. burgdorferi were able to produce amyloid beta precursor protein and hyperphosphorylated tau proteins [81] , suggesting that B. burgdorferi is able to induce AD specific pathology. Of interest, spirochetes from the oral cavity have been reported by Riviere in brain samples from AD patients were using molecular and immunological methods [101] . These results suggest, as did Miklossy's results that spirochetes within brain tissue may originate from diverse areas including the oral cavity [78] .
PERIODONTAL DISEASE
PDs are a heterogeneous group of diseases that affect the supporting structures of the teeth. The infectious forms of PD are caused by bacteria in the dental plaque and the most common are dental plaque-induced gingival diseases or gingivitis, chronic and aggressive periodontitis. Gingivitis is an inflammatory, reversible condition limited to the gingiva characterized by erythema, edema, bleeding and gingival enlargement. Gingivitis is a very common occurrence in both children and adults ranging from 30% to 90% in children and 40-50% in adults [46] . Chronic and aggressive periodontitis (in this review they will be referred as periodontitis) are destructive and irreversible forms of PD in which the inflammation extends from the gingiva to the tooth's attachment apparatus including the bone. Clinically, periodontitis presents similar features to that of gingivitis but in addition, there is soft connective tissue and often bone loss creating deep, ulcerated pockets (groove between the tooth and its supporting tissue) around the teeth that ultimately leads to tooth loss. It was estimated that in subjects with periodontitis the surface of epithelium lining the pockets ranged from 8 to 20 cm 2 suggesting large areas of possible concealed, ulcerated surfaces [42] .Approximately 35% of the dentate U.S. adults between 30 and 90 years of age have PD. Increasing with age, it affects approximately 50% people over the age of 55 [3] .
Pathogenesis of periodontal disease
The health of periodontal tissue is maintained by a balance between bacteria populating the dental biofilm and host immune response [55] . In gingivitis the host innate and adaptive immune system are able to control the bacterial infection. In periodontitis however, the balance between bacteria and host response is disturbed, resulting in an uncontrolled inflammation characterized by the production of high levels of inflammatory mediators such as IL-1, IL-6, IL-17 and TNF-α, and low levels of anti-inflammatory molecules such as IL-10 [9, 57] . These molecules act in concert to amplify the inflammatory reaction and activate the effector mechanisms responsible for tissue destruction in PDs (Fig. 1) . Metalloproteinases are also activated and collagen synthesis is inhibited. Cells including T and B cells are stimulated to express receptor activator of nuclear factor κB ligand (RANKL) [49] clasts and signals them to proliferate, differentiate and become activated. Activated osteoclasts then resorb the alveolar bone that ultimately leads to tooth loss. These findings show that inflammatory reaction mounted by the host impacts the occurrence and the expression of PD.
Periodontal bacteria
PD is a chronic, multibacterial infection. Periodontal bacteria exist within a complex ecosystem called dental biofilm forming on the tooth surface. In addition to microorganisms and their components (endotoxin, virulence factors), dental biofilm is composed of other proteinecious and nonproteinecious materials providing a system in which periodontal bacteria growth is favored and protected from the host defense mechanisms or antibacterial drugs [117] .
Bacterial species populating the dental biofilm are numerous (aproximatly 400 species) [91] . Some of the bacterial species such as Streptococus, Actinomyces, Capnocytophaga andVeillonella are early colonizers of the tooth surface, mainly gram positive and associate with gingival health [116] . In gingivitis, 50% of bacteria are still gram positive but gram negative bacteria belonging to Treponema and Fusobacterium nucleatum species [115] are increasing in number. In periodontitis, approximately 85% of bacteria are gram negative and among them, Aggregatibacter actinomycetemcomitans (A. actinomycetemcomitans) (formerly known as Actinobacillus actinomycetemcomitans), Tannerella forsythensis (T. forsythensis) (formerly known as Bacteroides forsythu),Porphyromonas gingivalis (P. gingivalis), Treponema denticola (T. denticola), Campylobacter rectus (C. rectus) and Fusobacterium nucleatum (F. nucleatum) are considered important periodontal pathogens [117] . In the periodontal pocket, periodontophatic bacteria occurs close to the soft tissue wall [38] favoring the invasion of epithelial and connective tissue [104] by some bacteria.
In addition to periodontal bacteria, there is evidence to suggest a role for human herpesvirus species particularly Epstein-Barr virus (EBV) and type 1 human cytomegalovirus (HCMV) in the pathogenesis of periodontitis [114] . These findings however are relatively new and more research is needed to investigate their contribution to periodontitis and systemic diseases [95] .
Host response in periodontal disease
Inflammatory chemokines such as IL-8, Monocyte chemotactic protein-1 (MCP-1) and cytokines such as IL-1β, IL-6, IL-17 and TNF-α have a prominent role in the pathogenesis of PD [61, 112] . They are elevated within the diseased periodontal tissues, gingival crevicular fluid (GCF) and in plasma suggesting their chronic production.
Local host response in periodontitis:
GCF is an exudate expressed in the gingival sulcus and may be considered a "window to PD" [129] . In addition to molecules derived from serum, GCF is also composed of substances derived from interstitial tissue and cells [129] . Up to 94% of inflamed periodontal sites have elevated levels of IL-1β in the GCF collected from those sites [135] . Progressive disease has higher levels of IL-1β in their GCF than nonprogressive disease [15, 31] and treatment of PD decreases IL-1β values [26] . Within subjects with periodontitis, healthy sites had higher values of IL-1β than healthy sites from subjects with mild periodontitis [26] suggesting that GCF production of inflammatory mediators may be subject specific. This later hypothesis is supported by studies showing that periodontal subjects with specific polymorphisms in the IL-1 gene produce 2.5 more IL-1β in shallow pockets than subjects having periodontitis but without these polymorphisms [25] . IL-6, TNF-α, IL-17, IL-8 and MCP-1 have also been found to be increased in GCF of patients with PD [47, 59] .
Systemic host response in periodontitis: PD is a localized disease but when present in severe forms may induce a systemic inflammation demonstrated by the elevation of inflammatory markers in the blood such as CRP and various cytokines. CRP is an acutephase response protein that is known to increase up to 1000 folds in acute inflammatory diseases [110] . CRP also increases in chronic inflammatory conditions. In rheumatoid arthritis, CRP values may well exceed 100mg/L while in chronic protracted conditions such as those caused by H. pylori or C. pneumoniae may be only slightly to moderate elevated (median 0.3-7.99 mg/L) [77] . However, the attention on CRP levels stems from its predictive value of cardiovascular diseases. The US Centers for Disease Control and Prevention and the American Heart Association [92] defined subjects at average risk if CRP is 1.0-3.0 mg/L, and high risk if CRP is > 3.0 mg/L. Subjects with periodontal disease have been found to have elevated CRP values compared to healthy controls [16, 24, 86] particularly when they had severe disease [86] with means exceeding 3mg/L [65] . For example, data derived from National Health and Nutrition Examination Survey III showed that subjects with extensive PD were more likely to have high levels of CRP [> 10 mg/L] than subjects without PD [113] . In fact, 12.5% of subjects with extensive PD had high CRP levels compared to 6% subjects without PD. These high levels of CRP denote a significant inflammatory state and are in the range that is considered a risk for cardiovascular disease [127] . Treatment of PD resulted in the decrease of CRP levels that was more likely in subjects that were responsive to periodontal treatment [20] supporting the notion that the elevated CRP was PD related. The presence of systemic IL-1β, IL-6 and TNF-α was also examined although these studies are limited. However, they suggest that higher proportion of subjects with periodontitis have detectable plasma IL-6 compared to controls [64] . Plasma IL-6 and TNF-α may decrease following periodontal treatment suggesting that these markers reflect periodontal infections [19] . However, plasma level of IL-1 and TNF-α appear to depend on the severity of injury [6] and therefore their levels may be more difficult to detect if PD is not severe or extensive enough.
PD as a risk factor for other systemic diseases:
In addition to periodontal pathology, periodontopatic bacteria are also capable of causing systemic pathology. Examples of these pathologies are endocarditis [8] , brain and lung abscesses and pulmonary disease [137] . In the first instances periodontal bacteria gained access to the systemic circulation and metastasized at distant sites, however, in pulmonary disease periodontal bacteria reached the pulmonary tree by aspiration [105] . Other systemic diseases associated with PDs are diabetes, low weight birth, cardiovascular and renal diseases [17, 22, 84, 126] . In these instances two mechanisms of action may be involved: 1) direct bacterial/bacterial products action at the site of pathology through bacteriemia, endotoxemia and virulence factor release in the circulation and 2) host response mechanisms to periodontal bacteria implicating the inflammatory mediators that are released systemically.
Bacteriemia derived from the oral cavity is a frequent occurrence during treatment or even examination and depends on the procedures performed and the presence of gingivitis/periodontitis or severity of periodontitis [89] . Even daily procedures such as flossing, brushing and mastication may induce bacteriemia with a comparable prevalence to the one induced by dental procedures [66] and the frequent nature of these procedures may lead to significant bacterial exposures [102] . Metastasizing at distant sites periodontal bacteria are capable of inducing pathology. For example, A. actinomycetemcomitans, P. gingivalis and T. denticola were recovered in atherosclerotic plaques [39, 90] and P. Gingivalis induced the expression of adhesion molecules and proinflammatory cytokines in aortic tissue and accelerated atherosclerosis in an animal model (apolipoprotein E-deficient mice) [34] . In another animal model (BALB/C mice), infection with C. rectus induced decreased expression of Insulin Growth Factor 2 (IGF2) mRNA by epigenetic modification of the Igf2 gene [13] and induced placental structural changes. These studies provide evidence for the diversity of molecular effects that periodontal bacteria are capable of inducing and possible mechanisms of actions for periodontal bacteria.
Endotoxemia may occur upon professional and nonprofessional dental manipulations and may be accompanied by elevation in TNF-α, IL-6, CRP [19, 43] and possible mild fever [98] suggesting an association with a systemic acute phase response.
ASSOCIATION BETWEEN PERIODONTAL DISEASE AND PROGRESSION OF ALZHEIMER'S DISEASE
The mechanisms involved in the pathogenesis of AD are not known. However, inflammation is believed to play a significant role [1] , and as such, processes capable of increasing the brain inflammatory state may contribute to the progression of AD. PD is a chronic infectious disease resulting in years of significant bacterial and inflammatory local and systemic exposure. We propose the hypothesis PD may enhance the inflammation in the brain and contributes to the progression of AD (Fig. 2) . We propose that two mechanisms may be involved in the PD-induced progression of AD: 1) inflammatory and 2) bacterial mechanisms. The first mechanism implies that PD-derived inflammatory molecules increase brain inflammation. As described in the previous paragraph, the interaction between periodontopathic bacteria and host response results in locally increased production of inflammatory molecules including IL-1β, IL-6, IL8, TNF-α, and CRP. In severe or extensive PD, these proinflammatory molecules may also induce systemic inflammation and therefore may access the brain via systemic circulation. Proinflammatory molecules derived locally from periodontal tissue may also stimulate trigeminal nerve fibers, leading to increased brain cytokines [103] . These cytokines may act on the already primed glial cells resulting in an amplified reaction and possible progression of AD. A test of this hypothesis would entail examining whether PD affects the progression of AD manifested clinically as earlier onset or as more severe disease.
The second mechanism by which PD could contribute to brain inflammation is through bacteria and/or bacterial products. Several bacteria including oral ones are hypothesized to be implicated [78] (this issue) in the pathogenesis of AD. Among periodontal bacteria, species such as A. actinomycetemcomitans, P. gingivalis, T. denticola and F. nucleatum are capable of invading the brain, changing the cytokine milieu and possibly contributing to existing pathological mechanisms. For example, Treponema species including T. denticola were detected in 14/16 AD and 4/18 non-AD brains. In addition, AD specimens also had more Treponema species than controls [101] . In an animal model of oral infections T. denticola was detected postmortem in the brain [30] . These findings are not surprising since T. denticola is from the same class as Treponema pallidum which is also known to invade the brain, induce chronic inflammation, cortical atrophy and amyloid deposition in subjects with syphilis. Reports of brain abscess in which oral bacteria such as A. actinomycetemcomitans, F. nucleatum and possibly P. gingivalis are implicated attest to their capabilities to invade the brain and induce pathology.
Once in the brain, periodontal bacteria that are rich in LPS or their products are capable of stimulating cytokine production. For example, heat-killed P. gingivalis administered through a subcutaneous chamber to mice with induced experimental autoimmune encephalomyelitis aggravated the disease compared to controls [109] possibly through an inflammatory mechanism as P. gingivalis -derived LPS stimulated NO and prostaglandin E2 (PGE2) in rat glial cells [108, 109] . Since P. gingivalis LPS stimulates the human cells through CD14 and toll-like receptors (TLR-2 and 4), it has been suggested that perhaps brain-induced inflammation induced by P. gingivalis -derived LPS may be mediated by these receptors [50] . Additional evidence comes from Offenbacher's studies [88] . In a subcutaneous chamber infection model, challenge of embryonic mice with C. rectus resulted in hippocampal morphological changes in pups including cytoplasmic vacuoles and cellular debris suggestive of cellular damage. Molecularly, the fetal brain of challenged embryos had about twice more TNF-α and IFN-γ m-RNA compared to nonchallenged embryos [88] .
The mechanism by which periodontal bacteria have access to the brain is not known. However, the mechanisms described for other bacteria such as access via systemic circulation is possible. Bacteriemia of oral origin occurs quite frequently during dental and nondental manipulations. Other ways bacteria may reach the brain is via peripheral nerves. Riviere's studies showed that spirochete species were detected in the trigeminal ganglia and pons suggesting the ability of oral spirochetes to invade CNS via peripheral nerves [101] . However, the mere presence of periodontal bacteria in the systemic circulation or in peripheral nerve fibers territory does not imply access to the brain. Perhaps additional cofactors are needed such as age, the presence of inflammatory cytokines or other infections [14, 29] .
Direct clinical evidence for an association between PD and AD is lacking. Tooth loss is a frequent occurrence and may be due to multiple factors including PD. Several studies with different designs showed that tooth loss was associated with dementia and AD [53] . For example analysis of data coming from "2000 Health Survey for England" showed that loss of teeth was associated with cognitive impairment [119] . Similar results were obtained by Kim that studied the dental health in a Korean population [51] . A Swedish study showed in monozygotic twins, for whom genetic factors were controlled for there was a strong association between tooth loss and the presence of AD. In fact, the twin having tooth loss was 5.5 times more likely to develop AD later in life compared to his/her sibling [33] . A recent prospective follow-up study, examined the oral health of participants in the "Nun Study" a longitudinal study of aging and AD in Milwaukee, USA and reported that lower number of teeth increased the risk of dementia with a OR = 6.4 [118] . This increase however, occurred only in noncarries of APOE 4ε allele and not in the carriers. This result is interesting since our preliminary data (unpublished data) found that among 17 noncarrier subjects, 11 of them tested positive for at least one type of IgG antibody to periodontal bacteria examined (A.actinomycetemcomitans, T.forsythensis and P. gingivalis). By comparison, among 17 carriers, 7 of them tested positive. Antibodies to periodontal bacteria represent an index of periodontal infection and although not statisticaly significant (p = 0.169, 2-sided χ 2 ) these results are consistent with the "Nun study". The authors of the "Nun study" speculated that since APOE 4ε is a strong risk factor for AD may significantly modify the tooth loss-dementia relationships. However, alternative explanations may exist. If antibody response to periodontal bacteria reflects the existence of periodontal disease [7, 96] then noncarriers of APOE 4ε may be at an increased risk for periodontal disease. As Wozniak and Itzhaki proposed the APOE carrier status may positively or negatively influence the outcome of an infection [132] . And still another explanation is that perhaps noncarriers have a better protective adaptive immune response to periodontal bacteria than carriers. Powered studies concomitantly investigating the prevalence of periodontal disease, periodontal bacterial colonization and adaptive immune responses to these bacteria may answer these questions.
Stein [118] also investigated the association between bone loss around teeth, a PD characteristic and dementia and no association was found. However, as the authors pointed out, bone loss assessments on unstandardized radiographs are questionable. In addition, bone loss represents the history of PD with no accompanying knowledge of inflammatory or/and bacterial burden. Since PD contribution to AD pathogenesis may be through its inflammatory and bacterial burden, when studying PD as a predictor for AD, perhaps measures depicting inflammation and bacteria or their interaction may be more relevant.
Clinical studies consistently show an association between tooth loss and AD/dementia [118, 119] . In addition to PD, caries (tooth decay) and endodontic com-plications are significant causes of tooth loss and the possibility that these oral infections may contribute to AD pathogenesis cannot be excluded.
CONCLUSIONS
AD prognosis has not changed significantly during the last decades largely due to the limited understanding of the mechanisms involved in disease initiation and its progression. Understanding the factors and the mechanisms involved in the initiation and progression to AD is of paramount importance. We propose that PD with significant bacterial and inflammatory burden may enhance the inflammation in the brain and contributes to the initiation/progression of AD. Although no direct evidence associates PD to AD, indirect findings suggest this possibility. If this hypothesis is true, then several implications exist: a) the presence of PD may alert the patients to the risk of acquiring AD later in life; b) early treatment of PD may limit the severity of AD and its progression; and c) it will demonstrate that peripheral infections may play a significant role in the pathogenesis of AD. We propose the direct investigation of the relationships between PD and AD is warranted.
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